It has been previously proposed that acetylene reduction data at subsaturating acetylene concentrations could be interpreted by use of the Michaelis-Menten equation, based on the acetylene concentration external to the nodules. One difficulty of this view is that the assumption that the system is not diffusion limited is violated when studying intact nodules. The presence of a gas diffusion barrier in the nodule cortex leads to an alternate expression for the gas exchange rates at subsaturating gas concentrations. A theoretical comparison of the 'apparent' Michaelis-Menten model and diffusion model illustrated the difficulties observed in the former model of overestimating the Michaelis-Menten coefficient and yielding a correlation between the Michaelis-Menten coefficient and the maximum rate. On the other hand, use of a diffusion model resulted in (a) estimates of the Michaelis-Menten coefficient consistent with enzyme studies, (b) stability of the estimates of the Michaelis-Menten coefficient independent of treatment, and (c) a sensitivity of the diffusion barrier conductance to plant drought stress. It was concluded that all studies of nodule gas exchange need to consider possible effects caused by the presence of a diffusion barrier.
The acetylene reduction assay for examining nitrogen fixation potential has gained wide acceptance since its introduction and initial evaluation for quantifying nitrogenase activity. Commonly, the acetylene reduction assay has been performed at saturating acetylene concentrations. However, for extended oW servations there may be deleterious effects either from toxicity or other metabolic effects. Mederski and Streeter (10) proposed using low concentrations of acetylene as an approach to eliminating these deleterious effects and allowing long term, in situ observations of acetylene reduction.
At subsaturating acetylene concentrations, interpretation of acetylene reduction rates in terms of nitrogen fixation potential is more difficult. To convert acetylene reduction rates obtained under subsaturating acetylene concentrations to an estimate for saturating acetylene concentrations, use of a rectangular hyperbola model in the form of an 'apparent' Michaelis-Menten equation has been suggested (2, 5) .
V A +K,, (1) The values of the Michaelis-Menten constant (Kin) and the ' Present address: Department of Agronomy and Range Science, University of California, Davis, CA 95616. maximum rate (VVm) can be evaluated by measuring acetylene reduction rates ( V) over a range of acetylene concentrations (A). A Lineweaver-Burk plot or similar regression analysis ofthe data can be used to estimate Vm and an apparent Km for the intact nodule system. In subsequent measurements, the value of the apparent Km could be used with acetylene reduction rates at subsaturating acetylene concentration to estimate Vm, by rearranging equation 1 .
However, a fundamental assumption in the use ofthe apparent Michaelis-Menten equation is that there are no diffusion processes limiting the supply of substrate. For the nodule system, it seems quite likely that this assumption is violated since several studies have indicated that there may be a substantial barrier to gas diffusion in the cortex of intact nodules (1 1, 12, 14, 15) . This barrier may simply be a layer of cells in the inner cortex of the nodules devoid of air spaces. Such a layer that forces gas to diffuse through a liquid phase over a distance ofa few cells would introduce a significant resistance to gas availability inside a nodule. Consequently, the acetylene concentration to which the nitrogenase is exposed would be less than the external concentration. The presence of such a diffusion barrier raises considerable doubt about the adequacy of the apparent Michaelis-Menten analysis.
In this paper, an alternate model for interpreting acetylene reduction rates at subsaturating acetylene concentrations is presented. This model includes the possibility of a barrier to gas diffusion. The analytical approach presented for interpreting the data provides a numerical evaluation of the conductance of the diffusion barrier, Vm, and Km. A theoretical and experimental comparison is made between the use of the apparent MichaelisMenten model and the diffusion barrier model at subsaturating acetylene concentrations.
MATERIALS AND METHODS
Experimental Techniques. In situ acetylene reduction rates were observed on field-grown soybean plants using the system described by Denison et al. (4) . Briefly, this system used openended root chambers in which plants were grown from seeding.
The chambers were 16 cm long so that much of the root system grew out the bottom of the chamber and explored the soil in a normal fashion. Yet a substantial fraction of the nodules were contained in the chamber. When acetylene reduction rates were to be measured, a lid was put on the top of the chamber just above the soil surface. Gas was introduced at the bottom of the chamber and continuously flowed through the chamber at a rate of 1.7 ml/s. The concentration of acetylene was usually kept well-below saturation at about 80 Amol/1 (0.002 atm). The return gas mixture was injected into a gas chromatograph with a flame ionization detector to measure acetylene and ethylene concentration. Usually 40 chambers were studied at one time and gas from each chamber was (6) 
where: J = flux of gas into the nodule (mol/s), k = conductance of the diffusion barrier (l/s), AO = acetylene concentration outside of the nodule (mol/1), and Ai = acetylene concentration in the intercellular air spaces interior to the diffusion barrier of the nodule (mol/l).
Internal to the diffusion barrier, it is assumed that diffusion is sufficiently rapid so that no significant concentration gradients exist within this internal volume. The existence of air spaces within the bacteroid-containing volume supports this assumption (1, 12, 13 1), and k (5 or 10 ul/s) were studied. Using these defined parameters and a series of seven assumed internal acetylene concentrations (20-2000 ,umol/l), the flux rates for acetylene reduction were calculated from equation 4 and the external acetylene concentrations were calculated from equation 3. These simulated data are plotted in Figure 1 . The data in Figure I were first analyzed using the conductance model and the binary search algorithm. In each of the four cases, the iterative procedure found the initial value of Vm with an error of less than I per cent. The estimates of Km and k were similarly found to match the input values. The small errors resulted from round-off errors and a finite number of iterations in the search algorithm.
The data in Figure I are replotted in Figure 2 as doublereciprocal plots using the Lineweaver-Burk analysis. While these plots are slightly concave upwards, the departure from linearity does not appear to be great. H. J. Mederski (personal communication, Ohio Agricultural Experiment Station, Wooster, OH) has observed this concave tendency in attempting to analyze acetylene reduction data obtained from intact plants with doublereciprocal plots.
The linear regression coefficient (r2) for each simulated curve in Figure 2 The conductance model was also tested to assure that for systems which were not diffusion limited, a finite value of k would not be erroneously predicted. In a diffusion-free system, k approaches infinity and the intercept in equation 5 Figure 4 . There was a steady decline in acetylene reduction rate and computed gas conductance by the nodule as the drought became more severe. The decrease of nodule conductance with drought stress is consistent with the conclusion of Pankhurst and Sprent (1975) that a diffusion barrier becomes greater with stress. This may result because decreased turgor of the cortical cells might further reduce the air spaces for gas diffusion and thereby decrease conductance.
In conclusion, we have rejected the apparent Michaelis-Menten approach for analyzing nodule gas exchange. The assumption that there is no restriction to gas diffusion is inconsistent with nodule morphology. The apparent Michaelis-Menten analysis produces Km estimates that are higher than the Km of nitrogenase, and are positively correlated with the Vm estimate. Alternatively, a model incorporating a diffusion barrier (equation 5) produces Km values that agree with enzyme Km values and are relatively stable. We conclude that any analysis of nodule gas exchange rates must consider the effects of a gas diffusion barrier. Certainly, analysis of acetylene reduction rates under subsaturating acetylene concentration must incorporate such a gas diffusion model.
